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Preface

This document stipulates protocols for measuring bio-optical and radiometric data for the Sensor
Intercomparison and Merger for Biological and Interdisciplinary Oceanic Studies (SIMBIOS) Project activities and
algorithm development. The document is organized into 7 separate volumes as:

Ocean Optics Protocols for Satellite Ocean Color Sensor Validation, Revision 4

Volume I: Introduction, Background and Conventions

Volume II: Instrument Specifications, Characterization and Calibration

Volume III: Radiometric Measurements and Data Analysis Methods

Volume IV: Inherent Optical Properties: Instruments, Characterization, Field Measurements and Data
Analysis Protocols

Volume V: Biogeochemical and Bio-Optical Measurements and Data Analysis Methods

Volume VI: Special Topics in Ocean Optics Protocols

Volume VII: Appendices

The earlier version of Ocean Optics Protocols for Satellite Ocean Color Sensor Validation, Revision 3 (Mueller
and Fargion 2002, Volumes 1 and 2) is entirely superseded by the seven Volumes of Revision 4 listed above.

The new multi-volume format for publishing the ocean optics protocols is intended to allow timely future
revisions to be made reflecting important evolution of instruments and methods in some areas, without reissuing the
entire document. Over the years, as existing protocols were revised, or expanded for clarification, and new protocol
topics were added, the ocean optics protocol document has grown from 45pp (Mueller and Austin 1992) to 308pp in
Revision 3 (Mueller and Fargion 2002). This rate of growth continues in Revision 4. The writing and editorial tasks
needed to publish each revised version of the protocol manual as a single document has become progressively more
difficult as its size increases. Chapters that change but little, must nevertheless be rewritten for each revision to
reflect relatively minor changes in, e.g., cross-referencing and to maintain self-contained consistency in the protocol
manual. More critically, as it grows bigger, the book becomes more difficult to use by its intended audience. A
massive new protocol manual is difficult for a reader to peruse thoroughly enough to stay current with and apply
important new material and revisions it may contain. Many people simply find it too time consuming to keep up
with changing protocols presented in this format - which may explain why some relatively recent technical reports
and journal articles cite Mueller and Austin (1995), rather than the then current, more correct protocol document. It
is hoped that the new format will improve community access to current protocols by stabilizing those volumes and
chapters that do not change significantly over periods of several years, and introducing most new major revisions as
new chapters to be added to an existing volume without revision of its previous contents.

The relationships between the Revision 4 chapters of each protocol volume and those of Revision 3 (Mueller
and Fargion 2002), and the topics new chapters, are briefly summarized below:

Volume I: This volume covers perspectives on ocean color research and validation (Chapter 1), fundamental
definitions, terminology, relationships and conventions used throughout the protocol document (Chapter 2),
requirements for specific in situ observations (Chapter 3), and general protocols for field measurements, metadata,
logbooks, sampling strategies, and data archival (Chapter 4). Chapters 1, 2 and 3 of Volume I correspond directly to
Chapters 1, 2 and 3 of Revision 3 with no substantive changes. Two new variables, Particulate Organic Carbon
(POC) and Particle Size Distribution (PSD) have been added to Tables 3.1 and 3.2 and the related discussion in
Section 3.4; protocols covering these measurements will be added in a subsequent revision to Volume V (see
below). Chapter 4 of Volume I combines material from Chapter 9 of Revision 3 with a brief summary of SeaBASS
policy and archival requirements (detailed SeaBASS information in Chapter 18 and Appendix B of Revision 3 has
been separated from the optics protocols).

Volume II: The chapters of this volume review instrument performance characteristics required for in situ
observations to support validation (Chapter 1), detailed instrument specifications and underlying rationale (Chapter
2) and protocols for instrument calibration and characterization standards and methods (Chapters 3 through 5).
Chapters 1 through 5 of Volume II correspond directly to Revision 3 chapters 4 through 8, respectively, with only
minor modifications.
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Volume III: The chapters of this volume briefly review methods used in the field to make the in situ
radiometric measurements for ocean color validation, together with methods of analyzing the data (Chapter 1),
detailed measurement and data analysis protocols for in-water radiometric profiles (Chapter 2), above water
measurements of remote sensing reflectance (Chapter I1I-3), determinations of exact normalized water-leaving
radiance (Chapter 4), and atmospheric radiometric measurements to determine aerosol optical thickness and sky
radiance distributions (Chapter 5). Chapter 1 is adapted from relevant portions of Chapter 9 in Revision 3. Chapter
2 of Volume III corresponds to Chapter 10 of Revision 3, and Chapters 3 through 5 to Revision 3 Chapters 12
through 14, respectively. Aside from reorganization, there are no changes in the protocols presented in this volume.

Volume IV: This volume includes a chapter reviewing the scope of inherent optical properties (IOP)
measurements (Chapter 1), followed by 4 chapters giving detailed calibration, measurement and analysis protocols
for the beam attenuation coefficient (Chapter 2), the volume absorption coefficient measured in situ (Chapter 3),
laboratory measurements of the volume absorption coefficients from discrete filtered seawater samples (Chapter 4),
and in situ measurements of the volume scattering function, including determinations of the backscattering
coefficient (Chapter 5). Chapter 4 of Volume IV is a slightly revised version of Chapter 15 in Revision 3, while the
remaining chapters of this volume are entirely new contributions to the ocean optics protocols. These new chapters
may be significantly revised in the future, given the rapidly developing state-of-the-art in IOP measurement
instruments and methods.

Volume V: The overview chapter (Chapter 1) briefly reviews biogeochemical and bio-optical measurements,
and points to literature covering methods for measuring these variables; some of the material in this overview is
drawn from Chapter 9 of Revision 3. Detailed protocols for HPLC measurement of phytoplankton pigment
concentrations are given in Chapter 2, which differs from Chapter 16 of Revision 3 only by its specification of a new
solvent program. Chapter 3 gives protocols for Fluorometric measurement of chlorophyll a concentration, and is not
significantly changed from Chapter 170f Revision 3. New chapters covering protocols for measuring, Phycoerythrin
concentrations, Particle Size Distribution (PSD) and Particulate Organic Carbon (POC) concentrations are likely
future additions to this volume.

Volume VI. This volume gathers chapters covering more specialized topics in the ocean optics protocols.
Chapter 1 introduces these special topics in the context of the overall protocols. Chapter 2 is a reformatted, but
otherwise unchanged, version of Chapter 11 in Revision 3 describing specialized protocols used for radiometric
measurements associated with the Marine Optical Buoy (MOBY) ocean color vicarious calibration observatory.
The remaining chapters are new in Revision 4 and cover protocols for radiometric and bio-optical measurements
from moored and drifting buoys (Chapter 3), ocean color measurements from aircraft (Chapter 4), and methods and
results using LASER sources for stray-light characterization and correction of the MOBY spectrographs (Chapter 5).
In the next few years, it is likely that most new additions to the protocols will appear as chapters added to this
volume.

Volume VII. This volume collects appendices of useful information. Appendix A is an updated version of
Appendix A in Revision 3 summarizing characteristics of past, present and future satellite ocean color missions.
Appendix B is the List of Acronyms used in the report and is an updated version of Appenix C in Revision 3.
Similarly, Appendix C, the list of Frequently Used Symbols, is an updated version of Appendix D from Rev. 3. The
SeaBASS file format information given in Appendix B of Revision 3 has been removed from the protocols and is
promulgated separately by the SIMBIOS Project.

In the Revision 4 multi-volume format of the ocean optics protocols, Volumes I, II and III are unlikely to
require significant changes for several years. The chapters of Volume IV may require near term revisions to reflect
the rapidly evolving state-of-the-art in measurements of inherent optical properties, particularly concerning
instruments and methods for measuring the Volume Scattering Function of seawater. It is anticipated that new
chapters will be also be added to Volumes V and VI in Revision 5 (2003).

This technical report is not meant as a substitute for scientific literature. Instead, it will provide a ready and
responsive vehicle for the multitude of technical reports issued by an operational Project. The contributions are
published as submitted, after only minor editing to correct obvious grammatical or clerical errors.

il
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Chapter 1
Ocean Color Radiometry and Bio-Optics

James L. Mueller', Roswell W. Austin', Giulietta S. Fargion” and Charles R. McClain®

! Center for Hydro-Optics and Remote Sensing, San Diego State University, California
“Science Applications International Corporation, Beltsville, Maryland
INASA, Goddard Space Flight Center, Greenbelt, Maryland

1.1 INTRODUCTION

During the period from circa 1985 to 1991, the National Aeronautics and Space Administration (NASA)
charged a series of successive science working groups with the task of recommending guidelines, goals and mission
design criteria for future satellite ocean color remote sensors. The deliberations of these working groups were based
on the ocean color science community’s experiences with the Nimbus-7 Coastal Zone Color Scanner (CZCS). On
the one hand, the highly successful CZCS mission firmly established ocean color remote sensing as a powerful tool
for monitoring and studying the bio-optical properties of the global ocean. On the other hand, the radiometric
responsivities of the CZCS channels declined progressively with time throughout its 8-year operating life, which just
as firmly established the need to independently verify a satellite sensor’s performance using in situ measurements of
the ocean and atmosphere. From those two general perspectives, the principal recommendations of these NASA
Ocean Color Science Working Groups (collectively) included:

1. Baseline satellite ocean color products should include

a. Normalized water-leaving radiances Ly, (A) (Gordon and Clark, 1981),
b. Aerosol radiances L, (A),
c. Chlorophyll a concentration Chl [mg m'ﬂ ,

d. The diffuse attenuation coefficient K (490) at a wavelength of 490 nm, and

e. Calibrated radiances L, (1) observed at the satellite.

2. Principal goals for product uncertainties should be

a. Lessthan 5 % uncertainty in L, (k) and

b. Less than 35 % uncertainty in Chl.

3. An ongoing satellite ocean color sensor system validation program is necessary, using in situ
measurements of ocean radiometric and bio-optical properties, and of atmospheric optical properties,
to verify system performance - including algorithms - immediately after launch and throughout a
satellite ocean color sensor’s operating lifetime.

These and other recommendations of the earlier working groups were endorsed by the Sea-viewing Wide Field-
of-view Sensor (SeaWiFS) Science Team and accepted by NASA. Of particular significance in the present context,
the SeaWiFS Project Office moved immediately to implement a SeaWiFS Validation Plan designed to assure a best
effort to achieve the above product uncertainty goals (McClain ef al. 1992). A critical aspect of the validation plan
was that in situ radiometric, optical and bio-optical measurements of uniformly high quality and accuracy be
obtained for verifying SeaWiFS system performance and product uncertainties. Therefore, in 1991 the SeaWiFS
Project Office sponsored a workshop to recommend appropriate measurements, instrument specifications, and
protocols specifying methods of calibration, field measurements, and data analysis necessary to support SeaWiFS
validation, leading to the first publication of Ocean Optics Protocols for SeaWiFS Validation (Mueller and Austin
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1992). Continued discourse within the ocean color research community led to Revisions 1 (Mueller and Austin
1995), 2 (Fargion and Mueller 2000) and 3 (Mueller and Fargion 2002) of these protocols.

The Ocean Optics Protocols for Satellite Ocean Color Sensor Validation (Revision 4.0) are intended to provide
standards, which if followed carefully and documented appropriately, will assure that any particular set of optical
measurements will be acceptable for ocean color sensor validation and algorithm development. These protocols are
guidelines and may be somewhat conservative. In the case of ship shadow avoidance, for example, there are some
circumstances in which acceptable radiometric profiles may be acquired considerably closer to a ship than is
specified here in Volume III, Chapter 2 (Section 2.2). When the protocols are not followed in such cases, however,
it is incumbent upon the investigator to explicitly demonstrate that the actual error levels are within tolerance. Close
adherence to these protocols is the most straightforward way for an investigator to establish a measurement that is
uncontaminated by artifacts, such as ship shadow, and is accurate enough to meet the requirements of satellite ocean
color product validation.

Finally, having a standard set of measurement protocols is indispensable in developing consistency across the
variety of international satellite ocean color missions either recently launched or scheduled for launch in the next
few years. While each mission has its own validation effort, the mission validation teams should not need to define
separate validation measurement requirements. In the U.S., for instance, ocean color validation support is derived
from four separate funding programs, i.e., the SeaWiFS Project, Moderate Resolution Imaging Spectroradiometer
(MODIS) validation program, the Earth Observing System (EOS) calibration and validation program, and the
Sensor Intercomparison for Marine Biology and Interdisciplinary Oceanic Studies (SIMBIOS) Project (McClain and
Fargion, 1999a, 1999b). Continued development and refinement of these protocols help ensure coordination,
collaboration, and communication between those involved.

1.2 OBJECTIVES

Immediate concerns focused the early versions of the Ocean Optics Protocols (Mueller and Austin 1992, 1995)
on specific preparations for the SeaWiFS mission. In the interim, not only SeaWiFS, but the Japanese Ocean Color
Temperature Sensor (OCTS), the Polarization Detection Environmental Radiometer (POLDER), and the MODIS
global coverage ocean color systems have been successfully launched and brought into operation, and the near-term
launch of several other such systems is anticipated (Appendix A). The SIMBIOS Program goal is to assist the
international ocean color community in developing a multi-year time-series of calibrated radiances that transcends
the spatial and temporal boundaries of individual missions (Barnes et al. 2001). Specific objectives are to: (1)
quantify the relative accuracies of the products from each mission, (2) work with each project to improve the level
of confidence and compatibility among the products, and (3) develop methodologies for generating merged level-3
products. SIMBIOS has identified the primary instruments to be used for developing global data sets. These
instruments are SeaWiFS, OCTS, POLDER [Advanced Earth Observing Satellite (ADEOS)-I and II], MODIS
(Terra and Aqua), Multi-angle Imaging SpectroRadiometer (MISR), Medium Resolution Imaging Spectrometer
(MERIS), and Global Line Imager (GLI). The products from other missions [e.g., Ocean Color Imager (OCI),
Ocean Scanning Multisprectral Imager (OSMI), and Modular Optoelectronic Scanner (MOS)] will be tracked and
evaluated, but are not considered as key data sources for a combined global data set.

The scope of the protocols was, therefore, broadened to support development of bio-optical databases that meet
the expanded requirements of the SIMBIOS goals and objectives (Fargion and Mueller 2000). The key objective
addressed by the original working group was to recommend protocols and standards for supporting in situ optical
measurements. The original objectives remain valid today, albeit with broader requirements for detailed
measurements and sensor characteristics (e.g. wavelength characteristics). The generalized protocol objectives
address the following subject areas:

1. The required and useful optical parameters to be used for validation of satellite ocean color sensor
normalized water-leaving radiances and atmospheric correction algorithms, and for monitoring each
satellite sensor's calibration and stability, will be defined.

2. The instrumentation requirements, and standards for measuring the parameters in item 1, including
definitions of measured quantities, wavelengths, field-of-view (FOV) and band specifications,
sensitivity, uncertainty and stability, will be delineated.
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The optical instrument characterization, intercalibration standards, and related protocols will be
defined. This objective includes the following subjects:

a) laboratory calibration and characterization measurements, uncertainties, and procedures
to be applied to instruments used in satellite ocean color sensor validation and algorithm
development activities;

b) pre- and post-deployment measurements and procedures to be followed with moored
instrumentation; and

c) methods for instrument calibration and characterization, and the requirements for record
keeping and traceability, including intercalibrations of radiometric and optical standards
between participating laboratories.

The at-sea optical sampling strategy and protocols will be standardized. This objective includes such
considerations as:

a) the rationale and justifications for moored, underway, drifting, shipboard, and airborne
measurements;

b) ship shadow avoidance, depth resolution in optical profiles, and total sampling depths;
and

c) time of day, sky conditions, season, and geographic considerations.

The analysis approaches to be used shall be refined. This objective includes recommended procedures
and methodologies for generating derived variables from in sifu observations, for example normalized

water-leaving radiance Ly, (X) (Gordon and Clark 1981) and exact normalized water-leaving radiance
Ly () (Morel and Gentili 1996; Volume III, Chapter 4) from L, (z,A), and K (z,2)from
E, (z,?») .

Protocols for ancillary measurements, data archiving, database population, and access to data will be
standardized.

The required atmospheric measurements will be defined, and the degree to which standard
methodologies are available will be evaluated.

Specific methods for development and validation of bio-optical algorithms for ocean color sensors are only
briefly examined in this report. Nonetheless, the scope of the optics protocols includes data requirements and
sampling strategies for bio-optical and radiometric measurements supporting these activities. This topic includes the
following subjects:

1.

Discrete chlorophyll a and pigment concentrations will be measured using for high performance liquid
chromatography (HPLC) pigment sampling and analysis, protocols and standards for which closely
follow those adopted by the Joint Global Ocean Flux Study (JGOFS) (UNESCO 1994). These
protocols are presented here in Volume V, Chapter 2.

An assessment will be made of the roles of underway, moored, and discrete fluorescence
measurements, how such measurements are calibrated, and their usefulness for satellite data product
validation. Protocols are included for fluorometric measurement of chlorophyll @ concentration
(Volume V, Chapter 3), again closely following the counterpart JGOFS protocols (UNESCO 1994).

The need for biogeochemical measurements of colored dissolved organic material (CDOM),
coccoliths, suspended sediment, detritus, etc., will be examined on the basis of baseline product
requirements. Protocols are included here (Volume IV, Chapter 4) for in situ and laboratory
measurements of spectral absorption by CDOM, and by suspended particles. The other aspects of this
topic are addressed in more general terms.
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1.3 SENSOR CALIBRATION

The individual satellite sensor project offices, as well as the SIMBIOS Project, must make every effort to track
the sensor's performance throughout the duration of the mission. Since SeaWiFS, for example, is designed for a
five-year mission, it was certain from the outset that the sensor calibration at each wavelength would change in some
unpredictable manner as a function of time. Experience with the CZCS showed it is very difficult to determine a
sensor's calibration once it has been launched (Viollier 1982, Gordon ef al. 1983, Hovis ef al. 1985, Mueller 1985,
Gordon 1987, and Evans and Gordon 1994). Similar problems have been encountered with other earth observing
systems, such as the National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution
Radiometer (AVHRR) (Brown and Evans 1985 and Weinreb et al. 1990). Because of the large atmospheric
contribution to the total observed radiances (Gordon 1981) and the great sensitivity of the bio-optical algorithms to
the estimated water-leaving radiances (Clark 1981), small errors in the calibration can induce sizable errors in
derived geophysical products, rendering them useless for many applications.

By processing large quantities of so-called “clear-water” imagery, i.e. in water with pigment concentrations less
than 0.25 mgm™ (Gordon and Clark 1981), Evans and Gordon (1994) were able to develop a vicarious calibration

that was used in the global processing of the entire CZCS data set (Esaias et al. 1986, Feldman et al. 1989 and
McClain et al. 1993). The approach, however, required assumptions that may limit the scientific utility of ocean
color imagery. Specifically, the normalized clear water-leaving radiances, Lwn(443), Lwn(520), and Lwn(550), were
assumed to be 1.40, 0.48, and 0.30 mW cm’umsr™, respectively. The Angstrom exponents were assumed to be

zero, and certain geographical regions, such as the Sargasso Sea, were assumed to be clear-water sites at all times.
Under these assumptions, the clear-water Lwy values were used to calculate calibration adjustment coefficients to
bring CZCS derived Lwy values into agreement for these regions. The vicarious calibration of the 443 nm band is
tenuous, because of the great variability in Lwn(443) even in clear water. Additionally, certain command and
engineering data from the NIMBUS-7 platform were not archived, so that a detailed analysis of possible effects
related to the spacecraft environment and the effects of spacecraft operation on the calibration could not be
performed.

Unlike CZCS, SeaWiFS and other modern ocean color sensors routinely produce geophysical fields in a near-
real time, operational mode for distribution to the science community. This aspect, as well as merger of multi-
satellite data sets spanning many years, necessitates constant evaluation of system performance and derived products
for all of the sensors. Therefore, a consistent multifaceted approach to address problems of sensitivity degradation
and sensor characterization is required on a continuing basis. The goal is to ensure that satellite derived water-
leaving radiances are accurately known and meet the specifications of the individual missions and SIMBIOS.

As implemented by the SeaWiFS Project Office, for example, the validation program includes both onboard and
vicarious calibration approaches (McClain et al. 1998, 2000a, 2000b; Barnes et al. 1999a, 2000a, 2000b, 2000c¢).
SeaWiFS has a solar measuring diffuser plate to reference the response to the sun and is also capable of periodically
imaging the moon by maneuvering the spacecraft (Barnes et al. 1999b). MODIS and some other ocean color
sensors have similar capabilities. The vicarious calibration program incorporates measurements of water-leaving
radiances, and other related quantities, from ships, drifting buoys, and fixed moorings, to develop time series and
geographically diverse samples of oceanic and atmospheric data. Each approach has advantages and disadvantages,
but when combined, they should provide a complementary and comprehensive data set that will be sufficient to
monitor short-term changes and long-term trends in the sensor's performance.

Presently, the SIMBIOS Project uses a combination of satellite and in sifu observations from geographically
diverse vicarious calibration test sites as a means of comparing ocean color satellite instruments. Using this
vicarious calibration approach, results retrieved from different sensors can be meaningfully compared and possibly
merged (Barnes et al. 2001). More importantly, one can use the same procedure, with in situ ocean and atmospheric
optical property measurements, to recalibrate satellite sensors (Fargion e al., 1999, 2000; Fargion and McClain
2000).

The SIMBIOS calibration strategy is to focus on regions and circumstances where the optical properties of the
marine atmosphere and ocean are well understood and homogeneous, i.e. where the errors in the atmospheric
correction and the in situ optical measurements are expected to be minimal. The Marine Optical Buoy (MOBY),
near the island of Lanai, Hawaii, provides the principal instrumented test site for vicarious calibration measurements
(Clark et. al. 1997; see also Volume VI, Chapter 2). The MOBY project officially supports the validation of ocean



Ocean Optics Protocols For Satellite Ocean Color Sensor Validation, Revision 4, Volume [

color data that is collected by SeaWiFS and MODIS. In addition, MOBY has been successfully used for OCTS and
POLDER and indirectly for MOS (Wang and Franz, 1999) vicarious calibrations.

1.4 BIO-OPTICAL ALGORITHMS

The SeaWiFS Project Office, and each of the counterpart ocean color sensor projects, is responsible for
producing a standard set of derived products. The oceanic products include chlorophyll concentration, K, (490),

and Ly, (k,6,¢) at 5 wavelengths (see Volume III, Chapter 4 regarding the significance of the angular
dependency).

The basic quantities to be computed from the sensor radiances are the water-leaving radiances, from which all
other derived products except the aerosol products are computed. Every effort must be made to ensure these
radiances meet the goal of no more than 5 % uncertainty in case-1 waters. This requires the atmospheric correction
algorithms to be considerably more sophisticated than were the original CZCS algorithms.

The baseline bio-optical products must meet the SeaWiFS, MODIS, other sensors, and SIMBIOS Project
accuracy requirements over a variety of water masses. The CZCS algorithms were based on a data set consisting of
fewer than 50 data points (only 14 observations were available for the band-2-to-band-3 ratio algorithm) and
performed poorly in regions of high concentrations of phytoplankton pigments, suspended sediment, or CDOM, and
in coccolithophorid blooms (Groom and Holligan 1987). Accurate estimates of the baseline products are essential if
SeaWiFS is to be useful in programs such as the Joint Global Ocean Flux Study (JGOFS) [National Academy of
Science (NAS) 1984], carbon cycle research, and climate change research.

SeaWiFS, and the other modern ocean color sensors, have the capability, due to improvements in the signal-to-
noise ratio (SNR), digitization, dynamic range, and wavelength selection, to increase the accuracy of these products
and to flag areas where anomalies or low confidence conditions exist. Clearly, a much larger database is needed for
developing and validating a broader variety of bio-optical algorithms, some of which will be region specific. The
radiometric, optical, and chemical field observations used in deriving bio-optical algorithms and for vicarious
calibration of the sensor must, therefore, conform to stringent, uniform requirements with respect to instrument
calibration and characterization, and methods of observation.

The SeaWiFS and SIMBIOS Projects jointly manage a program to compare the various atmospheric correction
and bio-optical algorithms proposed by the science community (Wang and Bailey 2000, McClain et al. 2000a,
2000b; O’Reilly et al. 2000). The purpose of this program is to independently evaluate suggested improvements, or
additions, to the SeaWiFS and merged products. This component of the calibration and algorithm development
program runs in parallel with, but off-line from, operational processing and provides an essential mechanism for
incorporating data and analyses from the community at large (Barnes et al. 2001).

1.5 VICARIOUS CALIBRATION

For ocean observations, it is easy to show (Gordon 1987 and Gordon 1988) that satellite sensor calibration
requirements based on the quality of the existing CZCS pigment algorithms exceed currently available capabilities.
Furthermore, the sensor calibration is unlikely to remain unchanged through launch and five years of operation in
orbit. The only foreseeable way of approaching the ocean calibration needs is through vicarious calibration, i.e.,
fine tuning the calibration in orbit.

Gordon (1987) described the detailed method used to achieve vicarious calibration for the CZCS. First, the
calibration was initialized after launch by forcing agreement between the sensor-determined radiance and the
expected radiance based on radiometric measurements made at the surface under clear atmospheric conditions.
Next, since the CZCS responsivity was observed to be time dependent, the algorithms were applied to other scenes
characterized by bio-optical surface measurements and more typical atmospheres, and the calibration was adjusted
until the measured water-leaving radiances were reproduced. Finally, the surface measurements of pigments were
combined with satellite pigment estimates for a wide variety of atmospheric conditions, and the radiance calibration
was fine tuned until the best agreement was obtained between the retrieved and true pigments.

The CZCS vicarious calibration was not radiometric. It was a calibration of the entire system - sensor plus
algorithms. To predict the radiance measured at the satellite, L, the water-leaving radiance, aerosol optical
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thickness, and aerosol phase function are all required. Also needed are ancillary data, including the surface pressure,
wind speed, and ozone optical thickness. For vicarious calibration and validation, these data are obtained by
measuring the upwelling radiance distribution just beneath the surface, along with the aerosol optical thickness and
the sky radiance, at the time of the satellite overpass. The sky radiance is used to deduce the required information
about the aerosol phase function (Voss and Zibordi 1989). The data set is finally used to deduce L., at the top of the
atmosphere, coincident with a SeaWiFS overpass from which the calibration is initialized (Clark et al. 1997).

The present approach used by the SIMBIOS and SeaWiFS Projects is to develop a Level-1b to Level-2 software
package (MSI112) which is capable of processing data from multiple ocean color sensors using the standard SeaWiFS
atmospheric correction algorithms of Gordon and Wang (1994a, 1994b). The integration of a new sensor into
MSI12 involves the development of a set of input functions and derivation of bandpass specific quantities such as
Rayleigh scattering tables and Rayleigh-aerosol transmittance tables. Once the processing capability has been
established, the vicarious calibration can be tuned using “match-up data” from the MOBY site, and/or cross
calibration with another sensor. For example, Wang and Franz (1999) used SeaWiFS normalized remote sensing
reflectances and aerosol models to successfully re-calibrate the MOS spectral channels.

Using this approach, the SIMBIOS Project can provide a completely independent assessment of instrument
calibration and sensor-to-sensor relative calibration. The Project also provides insight to the sensor teams on how
differences in calibration techniques and atmospheric correction algorithms propagate through the processing to
produce differences in retrieved optical properties of the water. It must be stressed that this exercise is absolutely
essential for calibrating the ocean color systems, i.e. sensors plus algorithms, and that it cannot be implemented
without a high quality surface data set obtained simultaneously with the satellite imagery.

1.6 AEROSOL OPTICAL THICKNESS VALIDATION

Aerosol optical thickness products determined from the satellite ocean color data itself are critical factors in the
uncertainty budgets of atmospheric correction algorithms (Gordon and Wang 1994a) and results of vicarious
calibrations (Clark et al. 1997; Gordon 1981, 1987, 1988). The SIMBIOS Project is validating the SeaWiFS aerosol
optical products by comparing them to in situ measurements (Wang et al., 2000). A second, related objective of
these comparisons is to determine the validity of the aerosol models currently used by SeaWiFS for atmospheric
correction.

The principal source of in situ acrosol observations is the Aerosol Robotic Network (AERONET). AERONET
is a network of ground-based automated sun photometers owned by national agencies and universities (Holben ef al.
1998). AERONET data provides globally distributed, near-real time observations of aerosol spectral optical depths,
aerosol size distributions, and precipitable water. Because the majority of the AERONET stations are at continental
locations, SIMBIOS augmented the network with 12 additional island and coastal sites, including Lanai and Oahu
Hawaii, Ascension Island, Bahrain, Tahiti, Wallops Island, South Korea, Turkey, Argentina, Azores and Perth. The
SIMBIOS Project also has shipboard and hand-held sun photometers (MicroTops, PREDE, and SIMBAD) and an
aerosol-profiling LIDAR system. These instruments are calibrated in collaboration with the AERONET Program at
NASA Goddard Space Flight Center (GSFC) and loaned to investigators staging SIMBIOS sponsored research
expeditions.

1.7 COMMUNITY PARTICIPATION

The SeaWiFS and SIMBIOS Project Offices rely on the oceanographic community to perform field research for
atmospheric and bio-optical algorithm development, and for all of the in situ data collection for vicarious sensor
calibration. The SIMBIOS Project sponsors a subset of these observations, but many projects sponsored by the
NASA Research and Application Program, other government agencies and the international ocean color research
community all make major contributions to the global multi-year effort.

The SIMBIOS Project has undertaken the challenge of coordinating the in sifu observations contributed by
these various programs, linking it to ocean color imagery from the international ensemble of satellite sensors, and
making the overall data sets available to the ocean color research community (McClain and Fargion 1999a, 1999b).
A workable strategy to meet those challenges first requires a clear definition of the observations, uncertainties, and
data collection protocols associated with each type of activity. The purpose of this document is to clarify these
requirements.
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1.8 PROTOCOL DOCUMENT ORGANIZATION

Beginning with Revision 4, this document is organized into 7 volumes:

Volume I, the present volume, covers perspectives on ocean color research and validation (Chapter 1),
fundamental definitions, terminology, relationships and conventions used throughout the protocol document
(Chapter 2), requirements for specific in situ observations (Chapter 3), and general protocols for field measurements,
metadata, logbooks, sampling strategies, and data archival (Chapter 4). Chapters 1 through 3 here and in Revision 3
(Mueller and Fargion 2002) are essentially the same, while Chapter 4 combines material from Chapter 9 (Revision
3) with a brief summary of SeaBASS policy and archival requirements (the detailed SeaBASS information in
Chapter 18 and Appendix B of Revision 3 has been separated from the optics protocols).

Volume II reviews instrument performance characteristics required for in situ observations to support validation
(Chapter 1), provides detailed instrument specifications and underlying rationale (Chapter 2), and specifies protocols
for instrument calibration and characterization standards and methods (Chapters 3 through 5). Chapters 1 through 5
of Volume II correspond directly to Chapters 4 through 8 (Revision 3), respectively.

Volume III briefly reviews methods used in the field to make in situ radiometric measurements for ocean color
validation, together with methods of analyzing the data (Chapter 1) and provides detailed measurement and data
analysis protocols for in-water radiometric profiles (Chapter 2), above water measurements of remote sensing
reflectance (Chapter 3), determinations of exact normalized water-leaving radiance (Chapter 4), and atmospheric
radiometric measurements to determine aerosol optical thickness and sky radiance distributions (Chapter 5).
Volume III, Chapter 1 is adapted from relevant portions of Chapter 9 (Revision 3). Volume III, Chapter 2
corresponds to Chapter 10 (Rev. 3), and Chapters 3 through 5 to Revision 3 Chapters 12 through 14, respectively.
Aside from reorganization, there are no changes in the protocols presented in this volume.

Volume IV includes a chapter reviewing the scope of inherent optical properties (IOP) measurements (Chapter
1), followed by 4 chapters giving detailed calibration, measurement and analysis protolcols for the beam attenuation
coefficient (Chapter 2), the volume absorption coefficient measured in situ (Chapter 3), laboratory measurements of
the volume absorption coefficients from discrete filtered seawater samples (Chapter 4), and in situ measurements of
the volume scattering function, including determinations of the backscattering coefficient (Chapter 5). Chapter 4 is
slightly revised version of Chapter 15 (Rev. 3), while the remaining chapters of this volume are entirely new
contributions to the ocean optics protocols.

Volume V, Chapter 1 briefly reviews biogeochemical and bio-optical measurements, and points to literature
covering methods for measuring these variables; some of the material in this overview is drawn from Chapter 9
(Revision 3). Detailed protocols for HPLC measurement of phytoplankton pigment concentrations are given in
Chapter 2, which differs from Chapter 16 (Rev. 3) only by its specification of a new solvent program. Chapter V-3
gives protocols for Fluorometric measurement of chlorophyll a concentration, and is not significantly changed from
Chapter 17 (Rev. 3). New chapters covering protocols for measuring, Phycoerythrin concentrations, Particle Size
Distribution (PSD) and Particulate Organic Carbon (POC) concentrations are likely future additions to this volume.

Volume VI gathers chapters covering more specialized topics in the ocean optics protocols. Chapter 1
introduces these special topics in the context of the overall protocols. Chapter 2 is a reformatted, but otherwise
unchanged, version of Chapter 11 (Rev. 3) describing specialized protocols used for radiometric measurements
associated with the Marine Optical Buoy (MOBY) ocean color vicarious calibration observatory. The remaining
chapters are new in Rev. 4 and cover protocols for radiometric and bio-optical measurements from moored and
drifting buoys (Chapter 3), ocean color measurements from aircraft (Chapter 4), and methods and results using
LASER sources for stray-light characterization and correction of the MOBY spectrographs (Chapter 5). In the next
few years, it is likely that most new additions to the protocols will appear as chapters added to this volume.

Volume VII collects appendices of useful information. Appendix A is an updated version of Appendix A (Rev.
3) summarizing characteristics of past, present and future satellite ocean color missions. Appendix B is the List of
Acronyms used in the report and is an updated version of Appendix C (Rev. 3). Similarly, Appendix C, the list of
Frequently Used Symbols, is an updated version of Appendix D (Rev. 3). The SeaBASS file format information
given in Appendix B (Rev. 3) has been removed from the protocols and is promulgated separately by the SIMBIOS
Project.
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Chapter 2

Fundamental Definitions, Relationships and Conventions

James L. Mueller! and Andre Morel®

! Center for Hydro-Optics and Remote Sensing, San Diego State University, California
’Laboratoire d’Oceanographie, Universite Pierre et Marie Curie, France

2.1 INTRODUCTION

The fundamental radiometric and optical quantities, physical relationships, terminology, and conventions
underlying ocean color science are drawn from an extensive and growing literature. The present Ocean Optics
Protocols for Satellite Ocean Color Sensor Validation document and its predecessors (Mueller and Fargion 2002;
Fargion and Mueller 2000; Mueller and Austin 1992, 1995) are attempts to distill a uniform set of concepts, methods
and conventions applied to in situ measurements, data analyses and interpretations appropriate for validating the
operational performance and derived products associated with satellite ocean color sensors. Basic ocean optical and
radiative transfer concepts, definitions and terminology used throughout the protocols are adapted from, e.g.,
Preisendorfer (1960, 1976), Jerlov (1976), Morel and Smith (1982), more recent literature cited extensively in the
individual chapters, and workshop discussions associated with the successive revisions of the document.
Comprehensive treatments of radiative transfer concepts and methods relevant to ocean color are provided by, e.g.,
Mobley (1994) and Preisendorfer (1976). Choices of particular published scales for, e.g., mean extraterrestrial solar
spectral irradiance and the spectral absorption and scattering spectra of pure water, originate with usage in the
Nimbus-7 Coast Zone Color Scanner and SeaWiFS programs, recent literature, and working group discussions
specifically related to the protocols; these scale conventions are expected to continue to evolve (e.g. Section 2.8
below).

The purpose of the present chapter is to present a succinct summary of the key definitions, relationships,
conventions and terminology currently adopted for use throughout the protocol document. In the earlier revisions
(Mueller and Fargion 2001; Mueller and Austin 1992, 1995), uniform usage in these areas was maintained by
carefully editing each new, or significantly revised, chapter. As the scope and breadth of chapter authorship has
expanded, authors new to the protocols have introduced variant terminology and conventions that pose an
increasingly burdensome editorial task. It is hoped that by collecting the most common aspects of this topic in one
place as a source guide for authors and co-authors of protocol chapters, a more uniform usage and terminology may
result. As with all chapters of the protocols, it is fully expected that, in the future, this first attempt will be
significantly revised and improved through constructive criticism and suggestions from the ocean color research
community at large.

The present chapter does not address important fundamental quantities, concepts and relationships of
atmospheric optics, as they relate to ocean color science. A new section has been added to briefly define optical
thickness, as this quantity is an important in sifu atmospheric optical measurement for which protocols are described
in Volume II, Chapter 4 and Volume III, Chapter 5. A comprehensive treatment of atmospheric optics is deferred,
however, to a future revision to these protocols.

2.2 GEOMETRY

Remote Sensing Coordinate System

Figure 2.1 illustrates an arbitrary Cartesian coordinate system, with a source illuminating the origin from
direction S, a unit-length vector oriented at (zenith, azimuth) angles (0, ¢o), and a detector viewing the origin from
direction D oriented at (0, ¢). The orthonormal basis vectors (X,y,Z), defined in matrix notation as
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1 0 0
$=|0[,y=|1|andz=|0], 2.1)
0 0 1

define the coordinate system illustrated in Figure 2.1. The Cartesian representation of the unit-length vector
pointing toward the detector is

sinBcos¢
D =|sin®sin¢ |, (2.2)

cos0

and the source direction vector coordinates are
sin0, cos §,
S=|sin0, sing, |. (2.3)

cos 0,

Photon flux from the source is transmitted through the origin in direction
—sin@, cos¢,
T=-S=|—sin0,sin¢, |. (2.4)
—cos 0,

The scattering angle ¥, through which photons are redirected from direction T into direction D, in the view of
the detector, is determined as cos ¥ = T e D, which from (2.2) and (2.4) expands in this coordinate frame as

cos ¥ = —cosBcos 0, —sinOsin 6, (cospcosd, +sindsing, ).
Invoking the identity cos ((I) -, ) =coscosd, +sindsin¢ , the scattering angle in the remote sensing coordinate

system may be expressed

cos'¥ =—cosBcosB, —sinOsin6, cos(p—, ). (2.5)

The complete derivation of (2.5), although straightforward, is given here because the sign of the second term has
been incorrectly reversed in some literature sources (e.g. Gordon ef al. 1983 and Liou 1980).

In the context of ocean color remote sensing, the Xy -plane would be parallel to, and Z the unit normal to, the
sea surface, the source would be the sun, and the detector a satellite ocean color sensor. A common convention
appearing throughout this protocol document (e.g. see Volume III, Chapters 3 and 4) is to rotate the local
coordinates so that the x-axis is aligned with the solar azimuth and ¢, =0 .

Instrument Coordinate System

When working with instruments designed to measure transmission of light along a path, or light scattered at a
particular angle from that path, it is more convenient to rotate the coordinate system as illustrated in Figure 2.2. The
collimated source is placed at —z and “Detector 1” at Z to measure transmission of flux transmitted along that axis
over the distance between source and sensor. “Detector 2” views the beam at the origin and zenith angle 0, and the
associated scattering angle in this coordinate frame is simply ¥ = 6. In ocean optics, it may ordinarily be assumed
that scattering is azimuthally isotropic in the coordinate reference of Fig. 2, so that one need not consider ¢
dependence of scattering.
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Scattering Angle Invariance

It is important to keep in mind that the relationship of the scattering angle ¥ to the angular orientation of the
scattered (viewing) path relative to the transmission path is identical in Figures 2.1 and 2.2. Determining ¥ is
simpler and more intuitive in the representation of Figure 2.2, when the origin and orientation of the transmission
path are held fixed, and only the direction from which the origin is viewed varies. For a satellite remotely sensed
ocean color image, on the other hand, both the source (transmission) and sensor (viewing) directions change
continuously from pixel to pixel, and it is more convenient to place the origin at each pixel (Figure 2.1) and
determine ¥ using (2.5).

Plane and Solid Angles

In plane geometry, quantities are represented in 2-dimensional Cartesian (x, y), or polar (r, 8), coordinates. The
natural measure of angular distance in plane coordinates is the radian, defined as the angle subtending an arc of unit
length on the perimeter of the unit circle (i.e. a circle of radius » =1). There are 2 radians in a full circle. The
units of an angle are, by convention, taken implicitly to be radians (without units notation), unless they are explicitly
specified to be in degrees. These simple definitions and concepts are widely understood and used by the public at
large.

Radiometry and optics intrinsically involve vector quantities that must be represented in 3-dimensional (x, y, z),
or (r, 0, ¢), coordinates (Figure 2.1). It is also necessary to associate 3-dimensional solid angles with many
radiometric and optical quantities. Following the definition of the 2-dimensional radian, the natural measure of solid
angles in 3-dimensions is the steradian (denoted sr), defined as the solid angle subtending a unit area on the surface
of the unit sphere (again r=1). The geometry relating surface area on the unit sphere to angles 6 and ¢ is
illustrated in Figure 2.3. The differential area on the surface of a sphere of radius » is determined as
da=r"sin0d0d¢, and on the unit sphere da =sin0d0d¢ (Figure 2.3). By definition, a given solid angle Q

corresponding to angular intervals AO and A¢ is determined as

Q= j j sin0d0d¢, st, (2.6)

A A®

from which we define the differential solid angle as
do=sin0d0d¢ , sr. 2.7

2.3 IRRADIANCE AND RADIANCE

Taking radiant flux @ to be the flow of radiant energy, e.g. in pW, through a point on a plane surface,
irradiance is defined as E = 6;—, uW cm?, the radiant flux per unit area through that point from all directions in the
a

hemisphere above the surface. The direction associated with £ is the normal to the surface. Radiance at a point on
a surface is the radiant flux per unit solid angle from direction (0, ¢), per unit area, dacos0, normal to the direction
&’ dE
dodacosd  cosOdw
have the relationship between irradiance and radiance incident on a plane as

of flow, and is defined as L(O,d)) = , UW cm?sr”' . Combining these definitions and (2.7) we

2n

]

L(6,0)cos0sinBd6dp, pW cm™. (2.8)

O o [ 2
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Figure 2.1: The directions of source S and detector D direction vectors relative to the origin of the coordinate frame
adopted throughout the ocean optics protocols. The zenith and azimuth angles (90,4)0) are reserved for source directions,

and the notation (9,¢) applies to the direction of the detector location, or any other general direction, depending on the

context. The unit-length vector T =-S defines the direction of radiant flux from the source transmitted through the
origin, and ¥ is the angle through which radiant flux is scattered from the transmitted beam T into the view of the
detector in direction D .

A
X
Y4
\Y 4
\
\
A
\ A
Collimated A \ 1
Source = - I-
A
V4

A
y

Figure 2.2: A local coordinate frame rotated to align the source and detector-1 locations along the z-axis. Detector-2,
located in direction (9, d)) , views the origin to measure radiant flux scattered from the transmitted beam through angle
Y. This local coordinate system is usually adopted for beam transmissometers and instruments designed to measure the
volume scattering function (VSF) B(X, ‘P) , because the scattering angle W is more easily visualized and computed in

this framework than in the representation of Figure 2.1. For a beam transmissometer, the path length is simply the
distance between the source and detector-1 along the z-axis. For a VSF meter, the working volume is defined by the
intersection of the field of view of detector-1 with the beam geometry of the source.
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Figure 2.3: Illustration representing the relationship between differential angles d0 and d¢ and the area da subtended

on a sphere of unit radius. From the above, it is easily seen that da = sin 0d0d¢ .
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o7 1T~ -~ s [~ ~~
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“ Water Surface Z= 0%
z=0" K "':\
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’ AR Y
8! J" 1 l\\ "’\ ¢
| _ - ’4' ?H__?»é\ ” \“
'-l' -7 \\ ‘\‘
”» ‘ A3

Y Lo LOASY)  pe.8)L,0,)8,0)
A
-Z
Figure 2.4: Reflection and refraction angles - in the plane of the paper - at the air-sea interface. Solid arrows represent

radiant flux directions incident on and transmitted through the interface. Dashed arrows represent radiant flux reflected
from the interface. The bold dashed lines represent the boundaries, in water, of the cone defined by the critical angle

0, ~ 48, beyond which radiant flux is totally reflected downward into the medium. The left-hand diagram represents
the case for radiant flux incident from above (z = 0*) on, and reflected from, the surface at zenith angle 6, and

transmitted through the interface at the refracted nadir angle 0’ below the surface. The right-hand diagram represents

the case for radiant flux incident from below (z :O’)on, and reflected from, the surface at nadir angle ©', and

transmitted through the interface at zenith angle 0 in air. The symbols 6 for zenith angles in air, and 6’ for nadir
angles in water, are adopted and reserved for this purpose throughout the ocean optics protocol document.
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Irradiance and radiance, unless qualified as spectral quantities, include the flux of photons at all wavelengths.

Spectral  irradiance is defined as E (7») = %, uW cm”nm™,and  spectral  radiance  as
dL(0,9) 2 o
L(X,O,(I)) ET, LW ecm™nm™sr™, so from (2.8) we have for downward spectral irradiance incident on a

plane surface from above

T

21 2
E, (%)= [ [L(1,0,¢)cos0sin 0d0d, \W cm*nm”, (2.9)
00
and for upward spectral irradiance incident on the xy-plane from below (Figure 2.1)
2nm
E, (%) ==[ [£(2,6,0)cos 0sin040d¢, uW cm™nm”, (2.10)
on

2
Vector spectral irradiance, the net vertical radiant flux per unit area through a point from above and below the xy-
plane', is by definition

2n

E(\)= j j L(%,0,¢)cos 0sin 0d0d¢, pW cm>nm”, 2.11)
00

or by inspection of (2.9) and (2.10), it is apparent that

E(A)=E,(A)-E, (1), ptW cm™nm. (2.12)
Spectral scalar irradiance is the total flux of photons at wavelength A per unit area (normal to the flux
direction) from all directions through a point in space, or

2n

E(2)= [ [Z(2.0,4)sin0d0d¢, uW cmnm”. (2.13)

If an opaque surface of infinite extent is present at the xy-plane, as might be emulated with an instrument having a
small spherical diffuser atop an opaque circular plate blocking flux from the lower hemisphere, the total flux
through a point is the downward spectral scalar irradiance

2n %

Ey (1) = [ [L(2..0.6)sin0d0d¢, pW cm>nm”, (2.14)
00
and conversely for the underside of the xy-plane the upward spectral scalar irradiance is

E, ()= [ [ L(.6.0)sin0d0d¢, yW cmnm”, (2.15)

c—y
] C—

and in this case b?(?») = EOd (k)+Eou (%)

The symbol }70 (k) is traditionally used in atmospheric optics to describe the solar spectral irradiance above

the earth’s atmosphere on a plane normal to the direction of the sun, and when the earth is at its mean distance from
the sun. The symbol F, (}.) is kept in these protocols, for consistency with the literature providing scales of its

values (Section 2.9 below), even though it represents irradiance and should otherwise be denoted using the symbol
E(2).

! This is actually only the vertical component of vector spectral irradiance (Preisendorfer 1964, 1976; Mobley 1994),
but the distinction is commonly omitted in the ocean optics literature.
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2.4 INHERENT OPTICAL PROPERTIES OF SEAWATER

The inherent optical properties (IOP) of a medium, a term originating with Preisendorfer (1960), are quantities
characterizing how a light field propagating through a given point in the medium is modified by the physical
processes of absorption and scattering. The IOP are material properties of the medium, and they are independent of
the geometric properties of the vector light field.

In contrast to the IOP, measurements of spectral irradiance and radiance propagating through a medium are
dependent on the geometric distribution of the light field, as well as on the IOP of the medium. Under varying
illumination conditions, such as variations in solar azimuth and zenith angle, these apparent optical properties
(AOP) will vary also. The AOP are measurements of the vector light field in the sea, as determined by the surface
illumination boundary conditions (the part of the downward radiance field at depth z= 0" that is transmitted through
the surface from above) and the IOP. The bidirectional character of the ocean’s remote sensing reflectance, which
results from interaction of surface boundary conditions and the IOP, is examined in detail in Volume III, Chapter 4.

Coefficients of Absorption, Scattering and Beam Attenuation

Consider a narrow collimated beam, of cross-sectional area Aa, of monochromatic spectral energy flux
D, (X), uW nm™, incident normal to the xy-plane at the origin of Figure 2.2. As the flux is transmitted over a

D, (A
distance Az along the z-axis’, a fraction A( k) = ﬁ(k)) will interact with and be absorbed by water molecules, or
: : Dy (2) : o .
particles, another fraction B(?») = > (k) will be scattered out of the beam into other directions, and the remaining

A
fraction T (A)= q)T ((k)) will be transmitted through the volume AaAz cm’m . The dimensionless fractions A(L),
B(L), and T(A) are, respectively, the spectral absorptance, spectral scatterance, and spectral transmittance of the
medium (e.g., Mobley 1994). If there are no other sources in the medium, 4(A)+B(1)+T(1)=1, and in the

limits Aa — 0 and Az — 0, we may write

{@T (kA)a_Aj)i () _ A(x);g(x) @iA(ax)}, R E—— 2.16)

lim lim
Aa—0 Az—0

0]
Since by definition £ (X) = A( ) , (2.16) may be written in differential form in terms of incident spectral irradiance
a

as

dE:iik) = —[a(k)+b(k)} E (A)=—c(V)E (X), tW em®nm™'m™, 2.17)

A(h
where a(L) is the spectral volume absorption coefficient a(3.)= lim L, m”, b(1) is the spectral volume

B(A
scattering coefficient b(}.) = 1_11110 %, m™, and c(1) is the spectral volume beam attenuation coefficient,

c(X)=a(r)+b(r), m". (2.18)

? In the present context, the variable z in Fig. 2.2 does not correspond to depth in the water column, as it does
elsewhere throughout this document. In Fig. 2.2 and the introduction of IOP, the z-axis defines only the direction of
the optical path of radiant flux transmitted from the collimated source to “detector 1, and the angular orientation of
the coordinate frame in the medium is arbitrary and irrelevant.
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The Volume Scattering Function
CI)S (7\" \Pa ¢)
@, (2.)

volume AaAz into a solid angle increment AQ centered in direction (LP,d)) . Recall that ¥ =0 in the coordinate

is the fraction of incident radiant flux scattered from the

The directional scatterance B(L,'V,)

frame of Figure 2.2. In ocean optics, it is usually assumed that scattering of unpolarized light is azimuthally
symmetric about the beam, and therefore, it is independent of ¢ in the coordinate frame of Figure 2.2. Following the
derivation described by Mobley (1994), the spectral volume scattering function (VSF) may be defined as

D (A, Y,
B(A,¥)= lim lim s (1 ¥,0) , st'm™, (2.19)
40504:50 | D, (k)AQAZ
The spectral radiant intensity Ig(A,y,¢) scattered from a point into direction (¥,¢) - as might be calculated for
. . . . . . IR ch (}\”\Va(l)) A -1
scattering by spherical particles using Mie theory, for example - is Is(k,w,d))—Al(l)moT, pW nm st .
With appropriate substitutions, therefore, the definition of the VSF (2.19) may be rewritten as (Mobley 1994)
I (A, Y,
B(k,‘l’) = lim lim M ,sr'm™. (2.20)
8080 | (k)AaAz
The volume scattering coefficient is related to the VSF as
b(r)=2x[B(%,¥)sin WdW, m". (2.21)
0
The non-dimensional volume scattering phase function, characterizing the shape of the VSF, is defined as
~ B(A, W)
AY)= . 2.22
B )= e2)

The volume scattering phase function gives the probability that, if a photon is scattered at all it will be redirected
through angle ‘¥, while the volume scattering coefficient characterizes the strength of the scattering process per unit
pathlength.

The Backscattering Coefficient

The fraction per unit pathlength of the incident radiant flux scattered in the backward direction, i.e. ¥ > g, is
the volume backscattering coefficient
by, (M) = 2nj B(%,¥)sin Wd'¥, m”. (2.23)

2
The normalized backscattering coefficient, giving the probability that a scattered photon will be scattered

through an angle ¥ > g , 1s defined as

b, (M) = b, (%) (2.24)

or by combining (2.22) and (2.23)

b, (1) =2n|B (1, ¥)sin ¥d¥, m". (2.25)

)8 —
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The Single Scattering Albedo
The single scattering albedo
b(A
© ( x) L,
a(X)+b(1)

alternatively denoted as o, , parameterizes the relative contribution of scattering to total attenuation of light in the

(2.26)

medium and is also called the probability of photon survival, for a photon that interacts with the medium.

Fluorescence and Raman Scattering

The IOP of seawater discussed above deal only with absorption and elastic scattering by molecules and
particles. The radiant field in water also includes inelastic scattering contributions due to radiant energy absorbed
by the medium at one wavelength, and emitted at a longer wavelength. The coefficients characterizing these internal
sources of radiant energy are also IOP of the medium. Fluorescence emission by chlorophyll a, other phytoplankton
pigments, and dissolved organic molecular compounds is one important inelastic scattering process in seawater
(Volume III, Chapter 4). Raman scattering by water molecules is the other important inelastic scattering process in
the sea (Volume III, Chapters 2 and 4).

Additive Property of Inherent Optical Properties

The IOP of natural seawater are a combination of IOP of pure water (molecular scattering and absorption),
materials dissolved in seawater (also molecular scattering and absorption), and suspended particles (particle
scattering and absorption). Therefore, each individual IOP may be expanded as the sum of contributions by each of
these material components.

For absorption,
a(r)=a,(X)+a,(1)+a, (1), m", 2.27)
where ay, ap and ag are the absorption coefficients of pure water, particles and dissolved organic materials,
respectively.

It is usually assumed that molecular scattering by dissolved organic materials is indistinguishable from
molecular scattering by water, so that the VSF expands as

B(r)=B, (7\,)+BP (r), m", (2.28)
where By and B, are respectively the VSFs of water and particles. Given the expansion of the absorption coefficient

and VSF, it is straightforward to determine the expansions of all other IOP by combining (2.27) and (2.28) with
equations (2.18) through (2.26).

It is possible to further partition absorption and scattering coefficients to account for mixtures of different types
of particles, or dissolved materials (see, e.g., Volume IV, Chapter 4).

Inherent Optical Properties of Pure Water

For purposes of these protocols, the coefficients for molecular absorption by pure water aw(A) m'l, are adopted
from Sogandares and Fry (1997) for wavelengths between 340 nm and 380 nm, Pope and Fry (1997) for
wavelengths between 380 nm and 700 nm, and Smith and Baker (1981) for wavelengths between 700 nm and 800
nm.

The volume scattering coefficients of pure water, byw(L) m'l, are given by Morel (1974). The molecular
(Rayleigh) scattering phase function is
5 (%) 3(1+cos2 ‘P) 229)
" - 16m ’ '
or more generally
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3(1+6)[1+:ZC082 ‘Pj
87(2+)

where § is the depolarization ratio, which has an average value & ~0.09 (Morel 1974).

B, (V)= , (2.30)

1IOP and Radiant Field Relationships Distributed in a Medium

The foregoing IOP definitions and relationships, presented above via equations (2.16) through (2.26), are
expressed in a local coordinate system (Figure 2.2) that provides a convenient framework for describing
measurement concepts. To apply the IOP and these relationships to vector radiant fields in the atmosphere ocean
system, it is necessary to take account of variations with location of the IOP and vector radiant fields throughout the
medium. The local “instrument coordinates” of Figure 2.2 are not useful in this context, and it is more appropriate
to express the IOP and radiant field relationships in the coordinate frame of Figure 2.1, where the xy-plane is
parallel to the air-sea interface and the z-axis is fixed as the local vertical. In this more general framework, an

optical transmission path vector (r,6,¢) is not restricted to (r,0,0), as in Figure 2.2 and the above IOP definitions,

. . Az . .
so that the incremental pathlength Az appearing in (2.16) through (2.20) becomes Ar = , where 0 is the zenith

cos
angle in the direction of photon flow®. As discussed in Section 2.2, the scattering angle ¥ # 0 in the more general
coordinate frame of Figure 2.1, but must be determined using (2.5). Moreover, azimuthally symmetric scattering
about a transmission beam, while still assumed, is no longer synonymous with ¢ - independence of scattering.

Unless stated otherwise, it is assumed throughout the protocols that horizontal variations in IOP are negligible
compared to vertical variations, so that the spatial distributions of the primary IOP are expressed as a(z,k),
b(z,1), ¢(z,1), and B(z,A,¥). This so-called “plane-parallel assumption” does not suggest that IOP do not vary

with geographic position, but simply that horizontal variations are weak enough to be neglected in radiative transfer
calculations related to the ocean color problem. It is recognized that this assumption may break down in Case-2
water masses, and other special circumstances, where 3-dimensional radiative transfer processes must be taken into
account.

The incident spectral radiance distribution at the origin associated with a perfectly collimated source incident on
the plane normal to S= (r =1, 90,(1)0) (Figure 2.1) is related to the incident spectral irradiance

X 90,(|> IJ.L 7\. 0, (I) cos 9 0 )6(9 0,)3(d—¢,)sin0d0d¢, where the Dirac delta function 6(60—-0,) is
00

1, 0=0,,
5(0-0,)=

0, otherwise,

and similarly for 8(¢—¢,), so that within the constraints of this construct E;(A,0,,¢,)= lim L, (%.6,,0,)AQ

I5(2.6,6)
Aa

Scattered radiance L (X 0, (I)) , W cm”nm’'sr”, ie. radiance is radiant intensity per unit area

Aa»O
(Mobley 1994). Using these relationships in differential form, and taking account of the depth dependence of IOP
and coordinate transformations, equation (2.17) may be rewritten as

dE, (z,2,0,,9,)

- cos(ﬁ—eo):—[a(z,k)—i-b(z,k)}Ei (z,1,6,,0,)

(2.31)
=—c(z,1)E (2,1.,0,,9,), pW cm”nm™'m™,
and equation (2.20) as

® Note that for the source direction and transmission vector conventions of Figure 2.2,06 =n—-6_, and

cosO=—cosH,.
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d’L (z,1,6,9)
dzdo
or for more general radiance distributions, the scattered radiance per unit pathlength is expressed as
dLg(z,1,0, T
(2:2:0.0) o0 f
d 0

Cose = B(Zaxa\{’)l‘i (Zs}\’aeoad)o)a

s VYoo

IB zZ,\, ‘I‘ z A,0,,0, )sin@odeodq)o, pW em”nm™sr'm™. (2.32)
0

2.5 REFLECTION AND REFRACTION AT THE SEA SURFACE

The geometric aspects of reflection from, and refracted transmission through, the air-sea interface are illustrated
in Figure 2.4. The water surface is located at depth z = 0, and the upper side of the interface is denoted z = O+, while
the underside of the interface at the same depth is denoted z=0 . Ray paths indicating radiance incident on, or

transmitted through, the interface are illustrated as solid arrows. Ray paths indicating radiance reflected from the
interface are shown as dashed arrows.

The Refractive Index of a Medium
The complex refractive index of a medium is denoted m(A)=n(A)+in'(A). The real part of the refractive

index, n(1), is the ratio of the speed of light in one medium relative to that in another. The imaginary part, n’(A), is
directly related to the volume absorption coefficient a(A) of the medium. The complex refractive index is another
IOP of seawater. The imaginary part of the refractive index is not utilized in the present version of the protocols,
and further use of the term “refractive index” is taken to mean the real part n(L).

The refractive index of air is approximately independent of wavelength with value n ~1. The refractive index
of water relative to air is approximately n (k) =1.34. Its wavelength dependence, while weak throughout the

visible spectrum, may be computed for fresh water from the empirical relationship (Austin and Halikas 1976) as

n, (1) =1325147+ 0000 (2.33)
A—137.1924

Austin and Halikas (1976) also tabulated variations in ny()) for seawater as a function of temperature and salinity;

these variations are also weak, for visible wavelengths, and may be neglected for most applications discussed in
these protocols.

Snell’s Law of Refraction at a Plane Interface Between Two Media

Because the speed of light in seawater is approximately 2 of that in air, radiance incident on the sea surface at

angle O is refracted to an angle 0’ that is closer to the vertical (left-hand diagram in Figure 2.4). The reverse process
takes place when upward radiance incident from below is transmitted across the interface into air (right-hand
diagram of Figure 2.4). The angles 6 and 0’ are related by Snell’s Law of Refraction
p S0 (2.34)
sin 6’

Downward radiance from solid angle Q sr in air that is transmitted through the interface, converges into a
smaller solid angle Q’ sr in water. The reverse process, solid angle divergence, occurs when radiance is transmitted
upward from water to air. By combining (2.6) with (2.34), it may be shown that the solid angles are related as

Q=n Q' , where we neglect the weak wavelength dependence for wavelengths of interest in these protocols. There

are two important consequences of the refractive radiance convergence/divergence relationship. The first is that
downward radiance incident on the sea surface from the entire upper hemisphere converges in water into the cone
defined by the critical angle 0! =48.3°, forn, =1.34, and conversely light transmitted upward as water-leaving

radiance originates entirely within the critical angle cone. The second important consequence is that upward
radiance incident on the sea surface from below at angles 6’ >0 is totally reflected internally and contributes

strongly to the downward radiance field at z=0 . The occurrence of total internal reflectance of upward radiance

21



Ocean Optics Protocols For Satellite Ocean Color Sensor Validation, Revision 4, Volume [

beyond the critical angle explains why although approximately 97% of downward irradiance is transmitted through
the interface into water, only about 52% of upward irradiance is transmitted through the interface into the air (see
also Volume III, Chapter 4).

Reflection at the Sea Surface
Reflectance from a plane surface is determined by the Fresnel Reflectance function,
. 1|sin*(0-0) tan’(0-0')|
pF(e’e):_ ) Nt 2 n|’
2|sm (6+6") tan’(0+6')
where the first and second terms in vertical brackets are the reflectances for light components polarized,
respectively, perpendicular and parallel to the plane of incidence. The plane of incidence as illustrated in Figure 2.1,

(2.35)

for example, is the plane defined by the z-axis and the solar vector S. As above, the angles 0 and 0’ are the
incidence angles in air and water, as related by (2.34), and the angle of reflection is equal to the angle of incidence,
either above, or below the surface (Figure 2.4). An important property of (2.35) is that p; (9',9) =P (6,9') , L.e. the
reflectance for light incident from below at angle 0’ and refracted on transmission to angle 0 in air, is the same as

reflectance for light incident from above at angle 6 and refracted to angle 6’ in water. When 6=0'=0, i.e. for
normal incidence,

PF(O,O){"_I} , (2.36)

n+l1

and for an air-water interface p; (0,0) = 0.02.

Were the sea surface a flat plane, its reflectance p(6',0;/)=p(6,0’;W) would be simply the Fresnel

reflectance as given in (2.35). However, wave roughness elements are always present on the sea surface, and its
slope spectrum is related to wind speed W by the empirical relationship of Cox and Munk (1954). Even when
W =0, variation of surface tension induced by the passage of swell generates capillary waves to create a surface
slope spectrum of small, but significant, amplitude. The Fresnel reflectance does hold locally for each tilted wave

facet, so the reflectance of the sea surface p(@,@’;W)may be modeled by combining the Cox-Munk (1954)

equations for the slope spectrum with (2.35) (Austin 1974; Morel and Gentili 1996; Mobley.1999). The
determination and applications of p(9,9';W) are discussed at more length in Volume III, Chapters 3 and 4, and in

references cited in those chapters.

Radiance Transmittance Through the Sea Surface

With reference to Figure 2.4, the downward transmittance of radiance through the interface is given by

L, (07,1,0.9) = L, (07.1.0.0)n* [1-p(0,057)], (2.37)
and upward transmittance by
p(6,6:7)]

I’l

Ly (%.0.0) =L, (07,1,0', )[1 (2.38)

where Ly (x,e,q)) is water-leaving radiance, which is defined only at z = 0" and the explicit depth notation is

omitted.
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2.6 THE RADIATIVE TRANSFER EQUATION

The propagation of radiance through the sea, assuming that IOP are horizontally homogeneous, is governed by
the radiative transfer equation (RTE)

dL(z,\,0', e
ucose':—c(z,x) (20,00 +Hp 2,0, W) L(2,1,6.,0, )sin 6. d0.do, +
dz (2.39)
Lr(z,k)+LF(z,k), uW cm”nm™sr'm™,
where z is depth in m, L, (z,k) and L, (z,k) are, respectively, inelastic scattering radiance emissions (assumed to

be isotropic) due to Raman scattering by water and fluorescence by particles and dissolved matter (see also Volume
I11, Chapters 2 and 4), and the other variables are previously defined. Angular relationships in (2.39) are as in

Figure 2.1 and the scattering angle ¥ is related to angles (9’,(1)) and (9;,4)0) by equation (2.5). The first term on

. . . . . dz
the right-hand-side of (2.39) accounts for attenuation of radiance transmitted over path o0’ and the second term
cos
represents the increase in radiance over that path due to photons scattered into direction (9',4)) from all other
(source) angles (9;,4)0) (Fig. 2.1). The combined radiance increase contributed by the three elastic and inelastic

scattering source terms is called path radiance, following Preisendorfer (1964).

The RTE, equation (2.39), is given here as a compact way to describe the basic relationship between the IOP
and vector radiant fields in water. The reader interested in methods of solving the RTE for a given vertical

distribution of IOP and surface boundary conditions, L (O’,X,G',(i)) and p(e,e';W), is referred to, e.g., Mobley

(1994) and references cited there. Solutions to the RTE figure prominently in the determination of exact normalized
water-leaving radiance, as described in Volume III, Chapter 4.

The Beer-Lambert-Bouguer Law

In the absence of other sources, a collimated beam of radiance L(k,e,d)) transmitted through seawater at a

depth z m is attenuated along path |Ar(9’,¢)| =0l
cos
dL(z,\,0'
%cos 0 =—c(z,A)L(z,A,0%,¢), pW cm™nmsr'm”, (2.40)
4

under the same assumptions leading to (2.39). The solution to (2.40) for transmission of radiance over a path of
length Ar is

- | e(z,1)dz
cos@

R K8
L(z+Az,0,0,0)=L(z,1,0,0)e ~ * , W em™nm st (2.41)
Equation (2.41) is called the Beer-Lambert-Bouguer Law, and represents only the attenuation term in the RTE,
(2.39).

The Beer-Lambert-Bouguer Law in the form of (2.41) is applicable only in a purely absorbing medium, or in a
situation where a single source produces a narrow collimated beam that is transmitted to a detector over a distance
short enough that multiple scattering path radiance is negligible (e.g. the source to detector-1 path of Figure 2.2).

The latter case is the basis for determining c(k) using a beam transmissometer (Volume IV, Chapter 2).
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2.7 RADIOMETRIC QUANTITIES IN OCEAN COLOR REMOTE
SENSING

Radiance Fields at the Sea Surface in Water and Air
The boundary conditions for the radiative transfer formulation of the ocean color remote sensing problem are
the downward radiance field L, (O’,k,G',(b) and the wind-speed dependent reflectance p(6,6";). Equation (2.37)

relates these boundary conditions to the incident downward radiance field L; (0* ,\, 0, ¢) above the surface.

The downward radiance field L (0’,%,9’,¢) is transmitted into the medium, where it is absorbed and
redistributed by scattering, as in (2.39), to produce the radiance fields L, (z,A,0',¢)and L, (z,1,0,0). As
illustrated in Figure 2.4, part of the upwelling radiance field L, (0’,%,9’,¢) is reflected downward at the interface

(all of it for ' > 6! ), so that the total downward radiance field atz=0 is

L(07,2,0,0) = Ly (07,1,0',0) +p(0.6: )L, (0,1,0',¢). (2.42)

The upwelling radiance field in air at z = 0" is water leaving radiance, as given by (2.38), combined with the
radiance field reflected upward at the surface, i.e.

L,(07,2,0,0) = Ly, (1.0.0)+p(0,0:7) L, (07,1,0,9). (2.43)

Irradiance at the Sea Surface in Water and Air

The downward and upward irradiance in water and air at the interface are determined by integrating the vector
radiance fields, using the general relationships (2.9) and (2.10) above, to determine downward spectral irradiance
above the interface

0+ A0, d) cosGsm 0d0d¢, (2.44)

o'—.m\=

0
which is often denoted E| (k) =E, (0*,7») throughout the protocol chapters, downwelled spectral irradiance just

beneath the interface

j j L,(07,1,0",¢)cos®'sin0'd0'd¢, (2.45)

upwelled spectral irradiance just beneath the interface

j j L,(07,1,0',0)cos 0'sin 0'd0d$, and (2.46)

and upwelled spectral irradiance just above the interface

E,(0".2)= zij (07.2,0,¢)cos Osin 04049, pW cm”nm". (2.47)
00

It should be noted that because of the contributions of reflected radiance away from each side of the interface,
as expressed in (2.42) and (2.43), one couldn’t determine, e.g., E, (0’,%) by simply transmitting £, (O*,?»)

downward across the interface.
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Vertical Profiles of Irradiance and Radiance in Natural Waters

Given solutions to the RTE (2.39) for particular surface boundary conditions and IOP profiles within the water
column, it is straightforward to substitute the depth variable z to extend equations (2.45) and (2.46) to define the

profiles of downwelling and upwelling spectral irradiance E, (z,k) and E, (z,k) , respectively. However, radiance
distribution profiles L, (z, 7»,9’,(1)) and L, (Z,X,G',(I)) are not ordinarily measured as functions of depth, and so it is

assumed that diffuse attenuation of E, (z,A) and E, (z,1) follows the form of the Beer-Lambert-Bouguer Law as

7.Z[Kd(z,k)dz
E,(z.0)=E,(0".A)e : (2.48)
and
71 K, (z.M)dz
E,(z0)=E, (07, })e? , (2.49)

where K4(z, A) and Ky(z, M) are the respective diffuse attenuation coefficients for downwelled and upwelled spectral
irradiance. Methods for determining Kq4(z, A) and Ky(z, A) from measured profiles of E, (z,k) and E, (z,k) are
described in Volume III, Chapter 2.

It is also common to measure vertical profiles of nadir-viewing upwelled radiance L, (z,A)=L, (z,2,0,0). It

is assumed that the vertical attenuation of upwelled radiance also follows the form of the Beer-Lambert-Bouguer
Law as

7J:‘KL (:,A)dz

L (z1)=L,(0"1)e? , (2.50)
where K| (z, A) is the diffuse attenuation coefficient for L, (z,k) . Methods for determining K7 (z, A) from measured

profiles of L, (z,2), and for determining L, (O’,k) by using (2.48) to extrapolate the measured L, (z,2) profile to

the surface, are given in Volume III, Chapter 2.

Reflectance of Irradiance and Radiance in Natural Waters
Irradiance reflectance is defined as

E, (z,?u)

E, (z, 7») '

Following Austin (1974) and Morel and Gentili (1996) the upwelled irradiance and radiance fields at z=0 are
related as

R(z,A) = (2.51)

E, (0.2
L,(07.1,0.9)

so that radiance reflectance may be determined in turn as

0(07,2.6',9) st, (2.52)

E (07, 2)R(0",1)
0(07.2,0.9)
Given L, (ozx,e',q)) , water-leaving radiance L, (%, 9,¢) may be determined from (2.38).

L,(07.1,0.9)= (2.53)

All of the quantities in (2.53), and therefore also L, (X,6,¢), are AOP that are dependent on the surface

boundary conditions and IOP of the water body. It is clear, therefore, that the remote sensing reflectance
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Ly (%,6,9)
E (07,2

is also an AOP, and has a bidirectional nature that is dependent (in a first approximation) on solar zenith

Rys (%,6,0) = (2.54)

angle 0,. In early attempts to account for this bidirectionality, Gordon and Clark (1981) assumed the factor O to be
a constant, following Austin (1974), and defined normalized water-leaving radiance L., (k) as that radiance which
would be observed if the sun were at zenith and at mean earth-sun distance and there were no atmosphere, i.e.

F, (%)

Ly (M) =Ly (1.0,0)—

where }70 (k) is the extraterrestrial solar spectral irradiance at mean earth-sun distance (Neckel and Labs 1984).
Morel and Gentili (1991, 1993, 1996) demonstrated conclusively, however, that Q is not constant and that Ly, (%.)
remains an AOP with dependence on IOP, solar zenith angle, and surface roughness conditions. They further
showed that by properly relating Q(O’,K,G’,d)) and R(07,1) to IOP and 6,, and relating E, (0’,%.) to E, (O*,K)
for a given 0, and p(e’,G;W), it is possible to transform Ly, (k) into an exact normalized water-leaving radiance
Ly (X) that has been properly adjusted to remove bidirectional reflectance effects. The reader is referred to

Volume III, Chapter 4 for a detailed discussion relating reflectance to IOP and 0,, and describing the physical
processes and approximations that relate water-leaving radiance to exact normalized water-leaving radiance. This is

a critical topic and protocol chapter, because Ly, (k) is the only valid form of water-leaving radiance by which

measurements from satellite ocean color sensors and in situ radiometers may be compared.

2.8 ATMOSPHERIC OPTICAL THICKNESS

The optical properties of the atmosphere, as they affect transmission and reflection of spectral radiance between
the top of the atmosphere (TOA) and sea surface, are critically important elements of ocean color science. The
scope of the present protocols is limited, however, to in situ measurements of downwelling spectral radiance and
irradiance, from which are derived optical thicknesses of the atmosphere and its key consituents, and particle size
distributions of aerosols based on scattering models for spheres.

The atmospheric optical parameters covered by these protocols (Volume II, Chapter 4 and Volume III, Chapter
5) are aerosol optical thickness (AOT), ozone optical thickness, and aerosol size distributions inferred from
downwelling radiance distributions at the sea surface (z=0"). The reader is referred to those chapters and
references cited therein for the details of these methods. Here we will introduce only the definitions of optical depth

r(z,k) and optical thickness r(k), and the separation of these into molecular (Rayleigh), ozone and aerosol

components.

Optical depth is defined for a vertical path, from z = 0 to Z, through a medium as

o(z.h)=[e(z)z. (2.56)
t(z,k) is obviously an IOP of the medium, and it increases monotonically with increasing z. Optical thickness is

simply the optical depth over the entire height of the medium, i.e. for the atmosphere

ZTOA
r(k) = jo c(z,?»)dz (2.57)
where Z.,, is the geometric height of the top of the atmosphere. Recalling the additive property of IOP, the total
optical thickness of the atmosphere may be expressed as the sum of its components

T(A) =1 (M) + 10, (M) +7, (1), (2.58)
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where 1, is the Rayleigh optical thickness representing molecular absorption and scattering by the non-variable

gases making up the earth’s atmosphere, 7, is the optical thickness due to absorption by ozone (the only variable

gas of importance in ocean color remote sensing), and t, is AOT due to scattering and absorption by aerosols.
In methods described in Volume II, Chapter 4 and Volume III, Chapter 5, sun photometers are used to measure
direct solar irradiance E| (O*,X,Oo,d)o), on a plane normal to the solar beam, transmitted downward through the

atmosphere. Assuming single scattering, and a plane-parallel medium, this measurement is governed by the solution
to equation (2.31) integrated over the entire atmosphere to obtain

ZTQA

. _ d 2 7c0590 .[ c(z,k)d: 5 N
Ey(0 ,X,60,¢0):ﬂ(k)(j) e g , uW cm”nm”, (2.59)

the Beer-Lambert-Bouguer Law, where d, and d are the mean and actual earth-sun distances, respectively [see
equation (4.2) in Volume II, Chapter 4]. In sun photometer measurements, it is necessary to adjust the slant path
range to account for curvature of the earth’s atmosphere, refraction, and vertical variations in the composition of the

atmosphere. The quantity representing this increased path length is called air mass M (60) [see Section 4.1 in

Volume II, Chapter 4 and equation (5.3) in Volume III, Chapter 5]. Substituting the adjusted pathlength (air mass)
and equations (2.57) and (2.58) in (2.59) leads to the operational equation used to determine AOT as

- d : - T +7T, +T.
E (0°,2.,8,.0,)=F, (7‘)(70) P e (2.60)

The reader is referred to Volume II, Chapter 4 and Volume 111, Chapter 5 for details, but basically, T, (k) is

modeled and adjusted for surface atmospheric pressure and elevation, total column ozone concentration is
determined independently (either from surface photometer or satellite measurements at selected ultraviolet

wavelengths defining the depth of strong ozone absorption bands) and used to compute T, (X) at visible and near-
infrared wavelengths of interest here, and Ej (0*,7»,90,4)0) is measured. Equation (2.60) may then be solved

fort, (1) as the only remaining unknown.

2.9 EXTRATERRESTRIAL SOLAR FLUX SPECTRUM

SeaWiFS, MODIS and CZCS algorithms, are all predicated on using a single determination of the spectrum of
extraterrestrial solar irradiance for the average distance between the earth and sun, F, (). Within the SeaWiFS and

MODIS ocean color remote sensing and ocean optics communities, for instance, the presently accepted
extraterrestrial solar flux spectrum is that of Neckel and Labs (1984). There is less unanimity in the atmospheric
community, and in some segments of the international remote sensing community, in the choice of a “standard”
solar spectrum (e.g., MERIS).

It is important that a single, common standard solar flux spectrum be used in every aspect of research and
validation in ocean color remote sensing. The extraterrestrial solar flux enters into normalization of water leaving
radiance, calibration and interpretation of atmospheric radiation measurements, and atmospheric correction
algorithms for all satellite ocean color radiometers. For example, if normalized water leaving radiance were
computed from in situ measurements using a “better” estimate of the solar flux, in lieu of Neckel and Labs (1984), a
comparison with a satellite determination of normalized water-leaving radiance would be biased by the difference
between the two solar spectra. There is some evidence (Biggar 1998; Schmid ef al. 1998) that the recent
measurements of Thuillier et al. (1998a, 1998b) are more consistent with NIST traceable lamp-based irradiance and
radiance sources. On the basis of such findings, it seems clear that NASA and the international ocean color
community should reconsider the choice of a standard for extraterrestrial solar flux. Assuming that a change would
improve the uncertainty budget of, e.g. atmospheric correction validations, the expected benefits are obvious. On
the other hand, adopting a different solar spectrum would require significant changes in the software used for
operational processing and validation analyses within SeaWiFS, MODIS and other ocean color satellite project
offices. Any such transition must be planned and implemented comprehensively in a forum that embraces the entire
international community.
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The choice of any of the published F“o (k) scales cited above will have no discernable effect on the internal

uncertainty budget of the vicarious calibration for any individual satellite ocean color sensor (M. Wang, Pers.
Comm.). Exact normalized water leaving radiances L3, (k) determined from a satellite sensor depend only on

atmospheric transmittance, solar zenith angle and earth sun distance, as 17“0 (k) cancels in the determination of
Ly (1) [equation (13.18)].  Therefore, Ly (%) determinations are directly comparable between two sensors
without consideration of the choices of Fo (k) scales. The consequences of arbitrary 130(7») scale selections
between sensors are:

1. The ratios of sensor-specific 170 (X) scales values must be used to directly compare aperture radiances

measured above the atmosphere [ Ly, (1) | by two sensors using different F, (1) scales for vicarious

calibration;

(M)
Eq (%)

[equation (4.8) in Volume III, Chapter 4] from in situ field radiometric data, Ly, (%) and Ly (%)

2. When measured surface irradiance at sea level is used to determine Ly, (A)= Ly (%,0,4)

must be computed using the particular F;(k) scale of each sensor to which that data is to be
compared. On the other hand, if the same method used to determine Ly, (1) for a satellite sensor is
used with in situ data [equation (4.18) in Volume III, Chapter 4], e.g. as with the MOBY Ly, (1)

time-series (Volume VI, Chapter 2), differences in Fo(k) scales need not be considered. The

uncertainty budget of the second (4.18) approach is dominated by uncertainties in the modeled
atmospheric transmittance, and neglect of cloud effects in the model. Atmospheric transmittance and

cloud effects are included implicitly in measured, actual Ej (X) , and the uncertainty budget of the first
(4.8) approach combines the uncertainties of E())measurements and the selected F, (A) scale.

Present knowledge of the relative uncertainties of Ly (k) determined using these two approaches is

insufficient to justify a clear-cut choice of a preferred method.

The three alternatives are:

1. Ignore the matter, leave the choice of Fo (X) scale to each ocean color sensor team, and do not use
measured surface irradiances to determine Ly (1) from in situ measurements used for validation or
vicarious calibration;

2. Publish the particular Fo (k) adopted by each satellite ocean color sensor project, thus allowing the use

of measured Eg(A) in the determination of Ly, (A) from in situ field data; or

3. Adopt a common international standard scale of 130 (X) for use by the entire international ocean color
community with all satellite ocean color sensors and associated in situ validation data.

Option 1 is the obviously simplest to implement, and it is not mutually exclusive with Option 2. Neither is Option 2

difficult to implement, since it requires only that each satellite ocean color sensor project publish the Fo (X) scale

that it uses. Option 3 would be more transparent to the user, in that one need not pay attention to which FO (}.) scale

to use with a particular satellite sensor for any purpose, but it may be more costly and difficult to implement. An
informal working group is currently considering these issues and options under the auspices of the International
Ocean Color Coordinating Group (I0OCCG).

Pending future recommendations by the IOCCG, the present Ocean Optics Protocols assume that any analysis,
or application, involving extraterrestrial solar irradiance 170 (X) uses the scale of Neckel and Labs (1984).
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Appropriate adjustments must be made when the protocols are applied to data from satellite ocean color sensors,
including MERIS and GLI, which have been processed using the 130 (?») scale of Thuillier ef al. (1998a, 1998b).
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Chapter 3

Data Requirements for Ocean Color Algorithms and
Validation

James L. Mueller', Giulietta S. Fargion” and Charles R. McClain®

! Center for Hydro-Optics and Remote Sensing, San Diego State University, California
“Science Applications International Corporation, Beltsville, Maryland
3NASA, Goddard Space Flight Center, Greenbelt, Maryland

3.1 INTRODUCTION

The principal in situ variables to be measured, or derived from measurements, for satellite ocean color sensor
validation, and algorithm development and validation, are listed in Table 3.1. The variables are grouped, in Table
3.1, into four related groups: Radiometric Quantities (both oceanic and atmospheric), Inherent Optical Properties
(IOP) of sea water, Biogeochemical and Bio-Optical Properties of sea water, and Ancillary Data and Metadata
required to support the use, analysis, interpretation, and quality assessment of the other data. Those in sifu variables
that are measured are classified into three categories of descending priority.

The first category of measurements, flagged “Required” in Table 3.1, is the minimum subset required for
validating a satellite sensor’s radiometric performance, exact normalized water-leaving radiances (Volume III,
Chapter 4), and fundamental derived products, including chlorophyll a concentration, aerosol optical thickness, and
K(490), and for associated algorithm development and validation.

The second category, flagged “Highly Desired” in Table 3.1, are measurements that supplement the minimum
subset and are needed for investigations focused on atmospheric correction algorithms and aerosols, relationships
between IOP and remote sensing reflectance, and/or Case 2 algorithms.

The third category, flagged “Specialized Measurement” in Table 3.1, are measurements which either address
aspects of ocean bio-optics that are secondary to satellite remote sensing, or require highly specialized equipment
that is not readily available to the community at large.

A fourth category, flagged as “Derived”, comprises key quantities that are either calculated from the in situ
measurements, or are derived from models. The above set of variables is also listed in Table 3.2, to identify the
satellite ocean color sensor application for which each measurement is needed. Table 3.2 also provides an index of
the protocol volumes and chapters addressing each in situ measurement.

3.2 RADIOMETRIC QUANTITIES

Surface incident spectral irradiance in air, Eg(A)=E, (0+,X) , downwelled s